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ABSTRACT 


In this thesis^ switching transient overvoltages 
occurring on 3-phase 220 kV and 400 kV transmission lines 
have been calculated using a generalised computer program 
developed. For the 220 kv line/ the theoretical results 
obtained from the digital calculations have also been comp- 
ared with model studies, using Transient Network Analyser 
(TNA) . Studies of switching overvoltages have been carried 
out for unloaded lines, for simple line terminations and 
for transformer terminated lines. The effect of source 
impedance, line length and the simxaltaneous and non-simul- 
taneous closure of circuit breakers have been studied. 
Switching surge control by using pre-insertion resistors 
and shunt reactor compensation have also been investigated. 



CHAPTER 1 


INTRODUCTION 


With the increase in power demand and the economic 
necessities to locate generating stations in remote areas, 
the presenc trend is to transmit the bulk power over long 
Jistiince extra high voltage (EKV) liru^s. In an EHV system, 
the insulation level is mainly determined by overvoltages 
caused due to switching f?, 13, 15]. A poor choice of insu- 
lation level will either inv.'re8se the cost of the system or 
will increase risk of failures due to faults initiated by 
rlashovers. There core a proper insulation level should be 
chosen whicli requirejs the krxowledge of uhe nature and magni- 
tudes of switching overvoltages produced due to different 
system conditions. Also, an understanding of switching 
overvoltage is of imnortance for the design of light ting 
arrest'irs, circuit breakers, and for the operation of 
protective relays. Since the magnitude and time duration 
of various switching overvoltages is different, therefore, 

I 

they stress the insulation in different manner. 

It is technically and economically desirable to 
control the switching overvoltages appearing on transmission^ 
lines. This can be achieved by using light ning arresters, j 
shunt reactor compensation and preiiasertion resistors or 

I 

by synchronous closure of circuit breakers. The pose etf- ' 

I 

active means for achieving a substantial reduction In 



switching overvoltage is by using pre-insertion resistors 
acr.jss the main circuit breaker contacts. 
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The rollowing methods are available to study the 
switching- surge overvoltage problem in power-system 

(i) Digital computer calciiLation 

(ii) Model studies on a transient network analysis (TNA) 

(iii) Field testing and 

(iv) Insulation testing in the laboratory. 

In this work an attempt has been made to study the 
phase to neutral and phase to phase switching overvoltages 
und.er different system conditions for the 220 kv and 400 kV 
lines using the digital compu’cer program developed. Swit- 
ching surge control by using pre-insertion resistors and 
shunt reactor compensation and their effects on the swit- 
ching surge magnitude have also been investigated- Experi- 
ments have also been perforued on the Transient Network 
Analyser on three xjhase basis for the simulated 220 kV 
lines available at CPRl , Bangalore. 

Chapter 2 deals with the design of coils tor 
transmission line model for different system, voltage levels. 
The phase to neutral switching overvoltage for unloaded 
lines, for resistive and inductive load terminated lines, 
transformer terminated lines and for lines terminated in 
R-L-C combinations have been observed on the TNA. The 
effect of source impe-.iance, line length, shunt reactor 
compensation and transformer winding connections have 


also b€jen studied 
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In Chapter 3< the phase to nexitral switching over- 
voltages for 220 kV and 400 kv line have been calculated tor 
different system conditions' by using the digital computer 
program developed. The different system conditions that were 
considered are unloa^ied lines/ lines with resistive- and 
inductive -load and transformer terminated lines. Switching 
surge control by using pre-insertion resistors and shunt 
reactor compensation have also been investigated. The 
results of digital computer calculations for the 220 kv line 
have been compared with the results obtained from the 
Transient Network Analyser. 

In Chaoter 4/ the phase to phase switching over- 
voltage of the 400 kV lines have been calculated for diff- 
erent system conditions. For the 220 kV lines/ the phase to 
phase overvoltages were observed on the TI'IA. 

Chapter 5 gives the conclusions drawn from the work 
done in this thesis. 
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CHAPTER 2 

TNA STUDY ON PHASE TO NEUTRAL SWITCHING OVERVOLTAGE 


2.1 Introduction; 

For the design, planning, control and analysis of 
j'owcr systems, it is necessary to 'know the conditions which 
gJve rise to different transient behaviour due either to 
normal and abnoi-Taal operations and to have means for calcula- 
ting the effect of these behaviours on the system. In conduc- 
ting such studies, the Transient Network Analyser (TNA) has 
been recognised as a useful tool- This gives a preliminary 
idea in designing and selecting suitable range of instruments 
foi* conducting field tests. The digital computer calculations 
can also be Gheck^;d v;ith the results obtained from the TOA. 

In this chapter, coils ter representing the U.P. 

400 kV line and the 7 35 kV lines have h-aen designed. By 
connecting a number of Pi-sections, a transndsslon line model 
was built and the step ru'sponse of this model has been 
comp'ired w'itli the step response calculated for distributed- 
parameter lines by using the Travelling wave method. The step 
resnonse for different system con iitions have also been 
observed, 

TNA experiments by using three phase sinusoidal 
excitatin whose point of switching can be varied were 
performed on the available 220 kv three-phase transmission 
line models at CPRI Bang-='lure, representing lines of 100 km 
nnJ 250 km lengtlis. The phase to neutral switching 
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overvoltages of unloaded/ resistive -loaded/ inductive-loaded/ 
transformer terminated and R-L-C terminated lines have been 
investigated. The effect of short-circuit power/ line length, 
shunt rea.ctor compensation as well as the transformer winding 
connections on the switching overvoltage has also been studied, 

2.2 Design of Coil for Transmission Line Model: 

The parameters of transmission lines although of 
distributed nature, are represented approximately by the use 
of models comprised of resistors, inductors and capaci- 
tors. In order to accurately represent a long transmission 
line for studying transient disturbances on TNA, a sufficient 
number of Pi-sections are provided so that the results are 
acceptable. The most expensive portion of a transmission 
line model is the large number of coils required for repre- 
senting the inductanc-- and resistance of the line. These 
coils, when connected in a series of Pi— sections will simu- 
late almost the same transient performance of a long line 
having distributed parameters. An air core coil has been 
found most suitable for representing the inductance and 
resistance for transient study [l]. The series elements of 
line resistance and inductance that have been used tor the 
line model are the positive sequence parameters. 

Calculation of inductance and capacitance for line 
representation is based on equations (B.l) to (B.6) given in 

Appendix-B. The design of coil for representing the resis- 

is 

tance and inductance^based on Brook's coil representation [l]- 
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Calculation of the dirr^nsions of the coil have been carried 
out according to the details given in Appendix~C. 

The results of calculation of line parameter and the 
dimensions of the coil, tor different line configurations, 
as given in Aopendix-A, are given in Tables 1 and 2 respect- 
ively. 

Table 1 


Tiine parameter for the U 
1 irki s 

• P. 

400 kv 

line and the 

Transmission voltage, kV 

m 

0 

400 

7 35 

S . 1 £ induote nee , mH/km 

♦ 

1.14 

0.973 

Mutual inductance, mH/km 

- 

0.148 

0.117 

Positive sequ^.>nce 
inducta nee , mH/km 


0-992 

0.856 

Self capacitance, nF/km 

: 

10.087 

11.76 

Mutual cap-icitance, nF/km 

: 

-1.168 

-1.27 

Positive sequence 
capacitance, nF/km 

: 

12.255 

13.03 

oc resistance, ohm/km 

: 

0.028 

0.0165 

2.3 Step Response of Ladder 

Network 



A lumped parameter equivalent circuit is generally 
used to represent the actually distributed parameters of the 
transmission line for transient studies. 

A three-phase transmission line model formed by 
connecting 12 Pi-sections in each phase was built in the 
laboratory for system studies by using air core coils. The 
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Table 2 

Dcitails of coils for represencing U.P. 400 kV and the 7 35 kV 
lin<is 


(a) 400 kV line 


I'Ongth of line joer 
v,. oix , kin 

10 

1 5 

20 

25 

30 

' :i . ' r s i s t . ’ nee , ol irn 

0, 2S4 

0.426 

0,568 

0.71 

0.85 

'Vj 31 live seqos nee 
i uc e nee , inH 

b^.92 

14.88 

19-84 

24.81 

29.77 

M . jcr dim :ision,cin 

5.29 

5,29 

5.29 

5.29 

5.29 

'')iarai . tt. r o r w 1 re , cm 

0.3?1 

0.291 

0.269 

0.255 

0.244 

Number or tui'ns 

271 

330 

386 

430 

470 

L.-'ngtdj ot wire,ra 

135.11 

I dl. 53 

192.4 4 

214.38 

234.32 


(b) 735 kV line 

iength or line per 


coil , 

20 

30 

40 

50 

T )C re s i s ta n ce / ohm 

0.331 

0.496 

0.662 

0.S27 

Positive sequence 

1 nduct ■' nco / mH 

17.31 

25.69 

34-25 

42.82 

I'l.'ijor ilimensiony cm 

6.43 

6.13 

6.-13 

6.43 

Oiam-.'t-r' r or wir.. /cn 

0. 358 

0. 32? 

0. 301 

0.284 

Number ox' turns 

322 

396 

456 

512 

.'-•e ng th or wi ro , rti 

195 

240 

276 

310 



& 


line resistance and inductance that have been used for the 
line model are the positive sequence parameters. The results 
of step response obtained using this model were compared with 
the analytical results obtained using the Tra veiling-wave 
me thod . 

The voltage waveforms at the receiving end of an open 
ended line, when a step input is applied at the sending end 
ror different numbers of Pi-sections being 1, 2, 3, 4, 6 and 
12 are shown in Figures 2.1(a) to 2.1(f) respectively. 

The derivation and calculation of step response for 
distributed parameter line using the Travelling-wave method 
is done in Appendix-D. The step response obtained by this 
method is shown in Figure 2.1(f). From Figures 2.1(a) to 
2.1(f) it can be seen that as the number of Pi-sections in 
the ladder network is increased, its response approaches 
nearly the response of the distributed parameter line. 

The overvoltage in the case of step response of an 
open-ended line is found to be 1.70 p.u. The step responses 
of open-ended line, line with surge impedance loading and 
transformer terminated line have also been compared. The 
transient overvoltage measured on an open-ended line is found 
to be higher than the other two configurations. In this 
study the transformer is represented by an equivalent magne- 
tizing inductance and a resistance to account for core losses. 

2.4 Overvoltages on Unloaded Line: 

It is general practice on power systems to energise 
a transmission line by closing a circuit breaker at one end 
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with almost simultaneous closing of the circuit breaKer at 
the other end to connect two sections of the system together. 
This may occur after a line has been removed from service for 
maintenance or due to local disturbances caused by faults, 
overloading, instability or false tripping. Energization and 
re-energization will create a transient on the transmission 
line at the breaker which will propagate at nearly the velo- 
city of light to the open end. Prior to the time the receivivig 
end breaker closes, the initial surge will be reflected at the 
open end leading to an overvoltage greater than the source 
voltage. 

In this section, switching overvoltages on a three- 
phase unloaded 220 kv transmission line model due to line 
energization, have been studied on a Transient Network Analyser. 

The equivalent circuit of an unloaded line without 
shunt reactor compensation is ^own in Figure 2.2. Switching 
overvoltage of the line mentioned was studied without consid- 
ering source impedance. All the three phases were switched 
on simultaneously at different instances of the voltage wave- 
form, The receiving end voltage waveforms for 250 km line 
length are shown in Figure 2.4(a). The maximum overvoltage 
on a phase was found to occur when it was switched on at its 
peak. The maximum overvoltages recorded on 250 km and 100 km 
lines were 1.92 p.u and 1.83 p.u respectively. Variations 
in the voltage waveforms as shown in the Figure 2.4(a) before 
they settle >.iown to a recognizable sinusoidal pattern, are 
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2,2 lqulva3*^nt olrcriit of tri inilofliad 11 n# 
without, ahunt oompensPtiuiu 




Fig, 


} S.4ulVii*«Ml cii*c;uit of th*f urii ilu** 

with nhuat Cv*p0rt«»tlou. 
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found to be quite erratic. This is because of the severe 
reflections from the receiving end which is open. 

2-4.1 Effect of source impedance: 

The receiving end voltage waveforms with source 
impedance considered for 220 kV, 250 km line have been shown 
in Figure 2.4(b). The data of source impedance has been given 
in Appendix-E. The maximum overvoltage occurring in this case 
is 1.85 p-u which is less than the case when the source impe- 
dance was not considered. This is because, the source imped- 
ance normally attenuates the reflections of ti'avelling waves 
and thus smoothens the transient response. 

The source impedance behind the transmission line 
varies as the number of generator units and other equipments 
in operation which are added to the system, consequently 
changing the short-circuit power at a particular bus. So the 
variations in the switching overvoltage for different short- 
circuit powers, were observed. The following test results 
were obtained for a 250 km length line on ITMA. 

Short circuit power in MVA Infinite 5000 2000 1000 

Overvoltage in p.-u. 1.92 1.86 1.80 1.78 

Figure 2.5 shows the receiving end voltage waveforms of phase; 
'a' for different short-circuit powers as shown above. 

2.4.2 Effect of line length; 

The line length has a prono unbed influence on switching 
overvoltage I sj , The effect of line lengths on switching 



H 



(c) 2000 MV A -”21- (f j) ^000 MVA 


FiG, 2.5 RFCEIVING END VOLTAGES OF 220 KV, 250 Km LINE FOR 
VARIOUS SHORT CIRCUIT POWER 
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overvoltages were observed for uncompensated lines of lengths 
100, 250 and 350 km on the TNA. All three phases were switched 
on synchronously. The voltage waveforms obtained for differen4 
line lengths have been shown in Figure 2.6. From these graphs 
it is observed that as the line length increases, switching 
overvoltage also increases. The following results were observed 
when the switching was done with phase 'a' at its positive peik-s, 

Line length in km 100 250 350 

Overvoltage inp.u. 1.78 1.90 2.0 

2.4.3 Shunt reactor compensation: 

Shunt reactors are provided at the sending and rece- 
iving ends of a transmission line to compensate for the reactive 
power generation of the line. This prevents excessive voltage 
at the receiving end of the line and the flow of leading curr- 
ents through the HV systems. The equivalent circuit of an 
unloaded shunt compensated line is shown in Figure 2.3. On a 

m 

TNA, shunt reactor are represented by an equivalent inductance 
L, which depends on the size of the reactor. The degree of 
compensation provided by the shunt reactor is expressed as 
percentage of the charging power of a line. With the increase 
in the percentage of compensation, switching overvoltage was fovnd 
to decrease, switching overvoltages for various levels of 
compensation for 220 kV line of 250 km length are given below: 

Percentage of compensation 0 90 100 

Overvoltage in p.u. 1.86 1,81 1.78 
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2-5 Overvoltage on Resistive-Load Terminated Lines: 

In this section / TNA experimentation results for 

switching overvoltages of lines terminated with resistive 

loads are described. The equivalent circuit of a resistive- 

of 

load terminated line is/the form shown in Figure 2*8. The 
effect of source impedance and load have been investigated. 
The load has been represented by an equivalent resistance R 
whose value depends upon the amount of loading. 

The overvoltage for different resistive load termin- 
ations or the line are given in Table 3. 

Table 3 

Switching overvoltages on resistive-load terminated lines 


Line length 
km 

Load 

resistance 

Overvoltage 
in p.u- 

Remarks 

250 

928 

1-45 

Without source 
impedance 


928 

1". 37 ') 



400 

1.00 / 



242 

0.99 \ 

with source impedance 

100 

928 

1.34 1 



400 

1.01 j 



T 


The resistive load was varied from 50 MW to 200 MW for a 
220 kv system and the maxim-um switching overvoltage obserjj[ed 
was 1.45 p.u. at 50 MW load without considering source impe- 
dance. However with the inclusion of ■im-nc..^anr<i3 f^r- 
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Wig, 2®8 IqudLvalawt oirouit of a line with load. 
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the same load, the overvoltage reduced to 1.37 p.u. The data 
of source impedance has been given in Appendix-E. It was 
also observed that switching overvoltage reduced nearly to 
1.0 p.u. when the line was terminated with a resistive load 
nearly equal to surge impedance of the line. However the 
switching overvoltage increased with the increase in load 
resistance beyond surge impedance value. The receiving end 
voltage waveforms for resistive-load of 928 ohm with source 
impedance taken into consideration are shown in Figure 2.7. 

2.6 Overvoltage on Inductive-Load Terminated Lines: 

In the previous section, the sw'itching overvoltages 
on re si stive -load terminated lines were observed. However, 
in practice the loads are of lagging power factor in 

nature, such loads are represented by equivalent resistance 
R and inductance L whose values depend upon the amount of 
loading and power factor. The power factor used for this 
study is 0-8. 

The switching overvoltages for different inductive 
loads were observed on the 'HS'A for different line lengths an<^ 
have been summarised in Table 4 for synchronous switching 
with phase 'a' at its peak. The source impedance has been 
taken into account in this study. 

The receiving end voltage waveforms for 250 km line 
terminated with 50 MW load are shown in Figure 2<*10. It is 
observed that switching overvoltage for inductive load 
terminations are lower compared to that of an unloaded line. 
This is because the lagging load current serves to neutralise 
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Table 4 


Switching overvoltage with inductive -load terminated lines 


Line length , 

Load 


Overvoltage 

Remarks 

km 

R ( ohm ) L 

(Henry) 

in p.u. 


100 

613 

1.48 

1.71 

Load is 


154 

0.37 

1.34 

represented 
by equiva- 
lent resis- 

250 

618 

1.48 

.1.69 

tance and 
inductance 


154 

0.37 

1.33 



the leading line charging current resulting in the decrease 
of the terminal voltage. 

A comparison between the switching overvoltages with 
lagging Toower factor load and with purely resistive load of 
the same magnitude shows that the overvoltage is more in the 
case of inductive load termination. 

2,7 Overvoltage on Transformer Terminated Line: 

When a transmission line is sw'itched at the sending 
end with a transformer connected at the receiving end/ the 
line has a path through the magnetizing impedance of the 
transformer/ by which it can discharge. But as long as the 
transformer core is unsaturated, this represents a high 
impedance and the discharge is therefore very slow, causing 
a sharp increase in voltage across the terminals of the 
transformer [ 2 ]. The transformer also helps to drain the 


4* ■v-'j— • •s. 




r- - *1 



The phase to neutral switching overvoltages for the 
transformer terminated lines have been observed for various 
line lengths y transformer winding connections and different 
level of excitation current of the transformer. 

In this study, three single-phase transformers are 
connected to form a three-phase bank. Variations in the 
level of excitation current were obtained by varying the 
system orerating voltage. The values of 0.65 percent and 
1.45 percent excitation, for which the overvoltages have 
been found, are on the linear portion of the magnetization 
characteristics while, 2.6 percent and 15.0 percent excita- 
tion is on the non-linear portion. 

The results obtained when the three-phase voltages 
are switched simultaneously with phase 'a* at its positive 
peak have been given in Table 5. 

The receiving end voltage waveforms of 250 km line 
for Star-Delta and Delta-Star connections of the transformer 
windings are shown in Figures 2 . 12 (a ) and 2.12(b) respectively. 

From the results given in Table 5, it can be seen 
that for a line of given length, switching overvoltage is 
higher for a Star-Delta connected transformer as compared 
with that for a Delta-Star connection. Also, it is found 
that the rise in the overvoltage decreases as the le-vel a£ 
excitation is increased. 

2.8 Overvoltage on R-L-C Terminated Lines: 

The effect of transformer MVA ratings on the swit- 
ching overvoltage was also studied on TNA by connecting 
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Table 5 


Switching 

overvoltages of 

transformer terminated lines 

Line length/ 
km 

Transformer 

connection 

Percentage of 
excitation 

Overvoltage 
in p.u. 

250 

Star-Delta 

0.65 

1.38 



1.45 

1.54 



2.60 

1.555 



15.00 

1.565 

250 

Delta-Star 

0.65 

0.987 



1.45 

1,091 



2.60 

1.111 



15.00 

1.128 

100 

Star-Delta 

0-65 

1.44 



1.45 

1.561 



2.60 

1.57, 



15.00 

1.59 

100 

Delta -Star 

0,65 

0.88 



^1.45 

1.02 



2.60 

1.08 



15.00 

1.11 
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several combinations of resistance/ inductance and capaci- 
tance at the receiving end of the line. The transformer is 
represented by its magnetising inductance/ core loss resis- 
tance and bushing capacitance [14], The single line diagram 
of the system studied is shown in Figure 2.9 where/ 

: bushing capacitance 

: magnetizing inductance of the transformer 

R : core loss resistance, 
c 

The inductance L is calculated by assximing that no 

m 

load current of the transformer is 5% of its full load value. 
Experimental results of switching overvoltage of 220 kV line 
for different transformer ratings for synchronous switching 
are tabulated in Table 6. 


Table 6 

Phase to neutral overvoltages with R-L-C terminations 


Line 

length 

(km) 

Rc 

(ohm) 


Cb 

(pF) 

Overvoltage 
in p.u. 

Rating of the 
transformer 
in MVA 

250 

2402 

6*71 

2500 

1.80 

400 


4032 

12.82 

2500 

1.805 

240 


6452 

20.55 

2500 

1.81 

150 


9680 

30.83 

2500 

1.82 

100 

100 

2402 

6.71 

2500 

1.82 

400 


9680 

30.83 

2500 

1.845 

100 
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The receiving end voltage waveforms for 220 kv, 250 km line 
terminated with R = 4032 ohm/ = 12.82 H and = 2500 pF 
(an equivalent of 240 MVA transformer) are shown in Figure 
2 . 11 . 

From the experimental results it is found -that with 
the increase in the MVA ratings of transformer, the magni- 
tude of switching overvoltage decreases. 
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CHAPTER 3 


digital calculation of phase to neutral 

SWITCHING OVERVOLTAGE • 


3.1 I ntroduction : 

Digital computer are employed for the calculation of 
transient phenomena on power system networks caused by swit™ 
ching operation, because, it does have the ability to process 
a vast amount of data in a systematic way, and do so in an 
extremely short time. 

In this chapter, phase to neutral switching over- 
voltage for three phase distributed parameter lines are 
calculated using a generalised digital computer program, 
developed. The system conditions which have been considered 
in the above program. are; the unloaded line, resistive- 
load terminated line, indue Live -load terminated line and 
transformer terminated line. The effect of source impedance, 
simultaneous and non- simultaneous closure of circuit breakers 
and the case of failure of a circuit breaker to close have 
also been taken into account. Switching surge control by 
using shunt reactor compensation and pre-insertion resistor 
have also been studied. 

The switching overvoltage calculation have been 
performed by Uram and Miller method [3, 4] for 220 kv and 
400 kv lines. Details of these lines are given in Appendix-E, 
The results of digital calculation for the 220 kV line are 
compared with the results obtained from the Transient Network 
Analyser. 



3.2 Outline of the Method; 

The equivalent circuit for a section of a three 
phase distributed parameter line^ used by Uram and Miller 
[3/ 4j for deriving the transmission line voltage and curr- 
ents equations are given in Figure 3.1. 

In this method, in the first step, partial differen- 
tial equations governing the currents and voltages are deve- 
loped from the equivalent circuit of the transmission line. 
The partial differential equations are then reduced to 
ordinary differential equations by using Laplace transforma- 
tion. These differential equations are solved through a 
transformation of co-ordinates, which produces a general 
solution for the system voltage and currents. By using the 
appropriate boundary conditions, at the sending and recei- 
ving ends of the line, the particular solution of the three- 
phase transmission line is calculated numerically through 
the unique application of time-delay function with a digital 
computer program. 

The general expression for current and voltages at 
the sending and receiving ends of the line are derived in 
Appendix-F. The expressions for the sending end voltages 
and currents are given by the equations as following: 

[E^(t)] =. [Tjfk^Ct)] + [T][]C2(t)] S , (3.1) 

= [Tj[z]’^[k^(t)] - [T][Z]'*^[]<2(t)] ^ (3.2) 

while those of receiving end voltages and currents are: 

= [T][a^(t)] + [T][b 2 (t) j , 


Cv(t)] 


(3.3) 
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[I^(t)] = [T][z]-'^[a^(t)] - [T][z]“^[b2(t) ] (3.4) 

where [ Z] = surge impedance matrix 
[t] = transformation matrix 

and [a^(t)]^ [b 2 (t)], [k^(t)] and [k 2 (t)] are matrices cont- 
aining constants and they are related in Appendix-F as - 
given below: 

[a^(t)j = [a][k^(t - T* ) u (t - T')] (3.5) 

[k2(t)] = [a][b2(t - T' ) U (t - T' )] (3.6) 

where T' is called the delay factor and [ a] is the attenu- 
ation factor matrix. In equations (3.5) and (3.6)/ the 
functions 


a^(t) 

= 0 , 

for t ,< T' 


= 0 / 

for t< T' 

Prom equation s (3.1) 

and ( 3. 4) , 

we get 


Pc^Ct)] = [T]-l[E^(t)]-Dc2(t)] (3.8) 

[bjCt)] = [a^(t)] - [Z][T]-l[l;^(t)] (3.9) 

The calculations of unknown quantities have been done on 
incremental basis using the advantage of delay factor and 
the system boundary conditions at the sending and receiving 
ends of the line. In general/ the main steps that are 
followed in incremental solution of transmission lin^e vol- 
tages and currents are: _ • , 

1.. Delay factor T' is found. 
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A proper choice of time interval At/ is made. All 
computations are started at t = 0. 

3. The delay matrices [a^(t)] and [^^(t)] are evaluated 
from equations (3.5) and (3.6) respectively. 

4. The matrices [b 2 (t)] and []c^(t)] are computed from the 
known boundary conditions at the sending and receiving 
end of the line derived in Appendix-G, 

5. Matrices [b 2 (t)] and [kj^(t)] are stored for future 
computation of matrices [a^(t)] and[k 2 (t)]. 

6. The unknow'n voltage and currents are calculated. 

7. The time t is then increased by At and computations are 
repeated from step 3 onwards. 

3.3 Unloaded Line without Source Impedance: 

This system condition is simulated by a voltage 
source at the sending end of the transmission line having no 
source impedance and by keeping the receiving end 
open. The corresponding equivalent circuit is shown in 
Figure 3.2. The matrices [k^(t)] and [b 2 (t)] are derived 
based upon the knowledge of system boundary conditions. 

These derivations have been given in Appendix-G. The final 
expressions for [k^(t)] and [b 2 (t)] are as following: 

[k^(t)] = [T]'“^[Eg(t)] - [k2(t)] (3.10) 

* " [^^(t)] ■ (3.11) 

For the 220 kV/ 250 km line and the 400 kV line whose 
details are given in Appendix-E, the receiving end voltages 
have been calculated based on the algorithm' described in 
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the previous section. The time interval used in the digital 
calculation is 55 microsec. The receiving end voltage wave- 
forms for a 400 kv line for simultaneous closure of circuit 
breakers are shown in Figure 3.4, In the above figure the 
duration of transients are observed to be quite long. This 
is due to the absence of load current which would otherwise 

serve to damp the oscillations. The maximum overvoltage is , 

is 

found to be 1.95 p.u., when phase 'a'^switched at its peak. 

By comparing the voltage waveforms of phase 'a' in Figures 
3, 4(a) and 3.4(b), it has been observed that the transient 
in Figure 3.4(b) is more irregular compared to Figure 3-4(a). 
This is because in the first case the sending end voltage 
of phase ‘a' is passing through zero magnitude at the instant 
of switching while in second case a finite magnitude of the 
voltage is present at that instant. The voltage waveforms 
for 220 kV, 250 km long line is shown in Figure 3, 5(a) and 
the maximm overvoltage which is found to be 1.93 p.u. is 
in close agreement with result obtained on TNA. 

The switching overvoltages of 400 kV line are 
calculated for non- simultaneous closure of circuit breakers 
when the three phases are switched at their positive peaks 
in the sequence a-b-c. The maximum overvoltage that occurred 
was 2.34 p.u. as shown in Figure 3.5(b). The time delay 
of non- simultaneous switching is simulated on the digital 
computer by inserting a high resistance value of 10^° ohm 
in series with the source voltage. 




SOURCE IMPEOENCl 
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3.4 Unloaded Line with Source Impedance: 

with the inclusion of source impedance, a decrease 
in switching overvoltage is reported by several authors 
[9, ll] , Therefore, in this section the effect of source 
impedance has been taken into account in finding out the 
switching overvoltages. The equivalent circuit of the system 
studied is shown in Figure 3.3. The known boundary condi- 
tions are the currents at the receiving ends and source 
voltages at each phase. Since the boundary conditions at 

the receiving end are same as in Section 3.3, the expression 

of 

for the matrix [b^Ct)] will be^the same form as given by 
equation (3.11). The matrix [k^(t)] is derived as following, 

[T][Tr^[Eg(t)] - [Y][w][ic^(t)] 

+ [Y][^][k2(t)] (3.12) 

The derivation of these equations are given in Appendix-G, 

The differential equations in equation ( 3.12) are solved 
by utilizing Eulers predictor-corrector formula [22], 

Voltage waveforms at receiving end for the 220 kv, 

2 30 km and the 400 kV line with source impedance are shown 
in Figures 3.6 (a) and 3.6(b) respectively. Magnitudes of 
source impedance, which are given in Appendix-E, have been 
calculated from source short circuit power. The maximum 
overvoltage for the 220 kv, 250 km and 400- kV lines are 
found to be 1.90 p.u, and 1,92 p.u. respectively. In both 
these cases- a decrease in overvoltage is observed because 
of the source impedance, which attenuates the reflections of 
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travelling waves and thus smoothens the transient response. 

The result o£ digital calculations for the 220 kV line were 
compared with the results obtained from IN A and the two were 
found to be in close concurrence. 

The switching overvoltages of unloaded line^ v;hen 
the sending end circuit breaker in any phase fails to close, 
have also been calculated. The open phase was simulated on 
digital computer by inserting a resistance of the value 10 
ohm. The receiving end voltage waveforms for the failure of 
the sending end breaker of phase 'a' are shown in Figure 3.7. 
From this figure it is seen that a small voltage appeals at 
the receiving end of the open phase, even though the source 
of this phase is not connected. The maximum overvoltage is 
found to be 2.05 p.u. 

3.5 Line with Resistive-Load Terminations: 

In this section, switching overvoltages of rasistlvu’- 
load terminated lines have b«en calcidated. The load is 
represented by an equivalent resistance corresponding to the 
amount of loading. The switching overvoltage of a line 
terminated with resistive load is less severe as compared 
to that on an open ended line [5]. The load current 
reduces the severe reflections of travelling waves and 
hence serves to damp the oscillations. The equivalent 
circuit of the system studied is shown in Figure 3.9. The 
expression for the matrix [k^(t) ] is of the form as given 
in equation (3.12). The matrix [b^Ct)]’ is derived in 
Appendix-G by applying the boundary conditions existing 
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at the receiving end o£ the line. The solution of [b 2 (t)] 
is given as following: 

[bjit)] = [[T]-1[R][T][Z]-^ +ru]] X 

[[t]-Hr][t][z]-1 - [U]] (3.13) 

The receiving end voltage waveforms of the 220 kV, 250 km 
line for a resistive-load of 928 ohm and with source impe- 
dance being taken into consideration are shown in Figure 3.8, 
The maximum overvoltage is found to be 1,38 p,u, which is in 
close proximity with the TNA results. The overvoltage of 
400 kv line terminated with a load of 400 MW for the synch- 
ronous closure of the circuit breakers is found to be nearly 
ecjual to unity. The voltage wavefosmas for the above case 
are shown in Figure 3.11(a). 

Figure 3.11(b) shows receiving end. voltage waveforms 
of the 400 kV line for asynchronous closure of the breaker 

when the phases are switched at their respective positive 

* 

peaks in the sequence a-b-c. There is no signiricant diff- 
erence in the magnitude of overvoltage when compared with* 
the case for synchronous closure of breakers. 

For a 400 kV line, the switching overvoltage when 
a breaker at the receiving end fails to close, has also 
been calculated. The receiving end voltage waveforms, in 
case when phase 'a* circuit-breaker at the receiving end 

, * W f 1 * 

fails to close and with the phase having loads of 133 MW 
each, are shown in Figure 3.12. The maxJumam overvoltage 
in ptese 'a' in this condition is 2,04 p.u. The over- 
voltages in the other two phases are found to be lower 



Vb,P.u %,P.u 


41 




( 0 )Ar«glcr of swifching ; 

90*; . 30*^ a 210” 



(b) Three pha«;es ore «w*! bed 
n\ their positive peotis 


FIG 3.11 RFCilVING END VOUAi'P^ fiF 400l<V,?3i) I- i INF 

WITH FUSISTIVF U)AD T URM i N A T 0 *0 l'iAf) = 400MW I 




%j,pM 


43 



- 2 ^ 


F«G.3.13 RECEIVING END VOLTAGES 
OF 220 kV, 250}<m INDUCT- 
IVE LOAD TERMINATED LINE 
R«6ieil,L«1-48H. ANGLE OF 
SWITCHING : 00* -30* I. 210* 


FIG.3.12 RECEIVING END VOLTAGES 
OF 400 kV. RESISTIVE LOAD 
TERMINATED LINE WITH RE- 
CEIVING END BREAKER OF 
PHASE ’a' OPEN. ANGLE OF 
SWITCHING .• SO®, -30*& 120* 



compared to that in phase 'a' because the load current damps 
the oscillations and smoothens the voltage waveforms. 

3.6 Line with Inductive Load Terminations: 

In the previous section, the switching overvoltage 
for unity power factor loads have been calculated but in 
practice most of electric utility loads are of lagging power 
factor. The equivalent circuit of the inductive-load termi- 
nated line is ^ov/n in Figure 3»10. The load is represented 
by an equivalent resistance and inductance whose magnitude 
depends upon the amount of loading and power factor. The 
solution of matrix [k^(t)] is same as given in equation 
(3-12). Based on the boundary conditions at the receiving 
end of the line, the solution of matrix [b 2 (t)] is derived 
in Appendix-G and is given as follows: 

i 

it = 3t - [JlMEbj't)] 

(3.14) 

The matrices [ J] , [M] and [N ] are defined in Appendix-G. 

The receiving end voltages of the - 220 kV, 250 km 

I 

anvl the iOO kv lines for simultaneous closure of the breakej. 
are calculated and the resulting voltage waveforms are shown 
in Figures3.l3 and 3.14(a) respectively. • The overvoltage 
occurring on a 220 kV, 250 km line for a load of 50 MW with 
power factor 0.8 was found to be 1.7.5 P-u. while the value 
obtained using the TNA for the same load was 1.69 piU*. 

For the 400 kV line with a load of 400 MW, the overvoltage 
was found to be 1.27. p.u, for simultaneous closure of the 


breaker 
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(o) Angl« of switching ; 90^-30* 
and 210* 



(b) Three phases are switched 
at their positive peaks 


FJG 3.U RECEIVING END VOLTAGES OF 400 kV LINE WITH INOUCTn 
LOAD TERMINATION. LOAD « 400 MW,RF.0.9 
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The receiving end voltages of the 400 'kv line tor 
non- simultaneous closure of breakers when the three phases 
are switched at their positive peak in the sequence a-b-c 
hcive also been calculated and the waveforms are shown in 
Figure 3.14(b). There is no significant difference an the 
magnitude of overvoltage when compared with the case of 
simultaneous closure of circuit breakers. 

3.7 Line with Transf ortrer Termination: 

Switching overvoltages are experienced when a trans- 
mission line is terminated with unloaded transtormer [2/ 11/ 
14]. The equivalent circuit of a transformer is shown in 
Figure 3.15.1- Its leakage inductance is represented by 
and the series resistance accounts for the copper loss. 

The magnetizing inductance is represented by L^ and the core 
loss is represented by R^. In calculatt.'tti9 the switching 
overvoltage of a line terminated with unloaded transformer, 
the transtormer is simulated by its magnetizing inductance 

L and resistance R alone since the leakage impedance ot an 
m c 

unloaded line is extremely small. The reduced equivalent 
circuit of a transformer considering only the magnetizing 
branch is shown in Figure 3.15.2. The jarallel circuit 
consisting of L and R„ can be reduced. to a series equivalent 
circuit of L and R is shown in the above figure. The 
voltages at the receiving end of the transformer terminated 
line was calculated by following the same method as out- 
lined in the Section 3. .6 for an inductive-load terminated 
.i 

line with source impedance. 
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The switching overvoltages for the 400 kV line 
having an unloaded transformer of 480 MVA at the receiving 
end have been calculated and the waveforms obtained are shown 
in Figure 3.16(a). The maximum overvoltage is found to be 
1.83 p.u. 

Switching overvoltages due to faults occurring on 
the secondary side of the transformer have also been calcu- 
lated. The transformer in this case is represented . by its 
leakage impedance only. The numerical values of and 
used in this calculation were, = 0.6 H and = 5 ohm, 
which closely represents a 100 MVA transformer. Plots of 
the receiving end voltage waveforms are shown in Figure 
3.16(b). The maximum overvoltage is observed to be 1.16 
p.u. An increase in the size of the transformer reduces the 
leakage reactance and hence a decrease in switching over- 
voltage is expected. This was confirmed by the computation 
exercise, 

3.8 Effect- of Shunt Reactor Compenfektibn:" ' ' • 

The continuous increase in voltage, line lengths 
and number of conductor jer bundle in EHV systems has empha- 
sized the importance of the excess of line MVAR and of the 
associated voltage and reactive power control. The adoption 
of shunt reactors to compensate a portion of line charging 
Mvars is an indispensible metliod for controlling excessive 

V f , ■ ’ . . . ' - ; 

voltage and leading currents flowing through the system. 

For the study of the switching-surge characteristics of a 
shunt compensated transmission line, the system illustrated 
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FIG 3.16 RECEIVING E^D VOLTAGES OF AOO hV, 230 km TRANSFORMER 
TERMINATED LINE. ANGLE OF SWITCHING : 90* ”30«, 210* OF 
PHASES a,b AND c RESPECTIVELY ' 



In Figure 2,3/ has been used. High voitage shunt reac- 
tors were connected at the sending and receiving ends of 
the line. The shunt reactor is represented by an equivalent 

inductance L whose values depend on degree of compensation 

s 

i.e,/ reactive power cf the reactor. The system at the 

sending end, with shunt reactor L connected to line, is 

s 

now represented in Figure 3'. 17 by a Thevenin' s equivalent 
having a voltage source and an impedance given by the 
following expressions: 

jWLs 

“ R~ - WJhr+ L ) \ 

g s g 

WL E L0 
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fig. 3.17 Tbevinins equivalent of the ehunt ooiapen 
sftted line. 
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and 
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The elements of matrices [e*], [R* ] and [L' ] are given by 

y y y 

equa-cions (3.15)/ (3.16) and (3.17) respectively. 

The receiving and sending end voltages for a shnnt 

compensated line can be calculated by similar equacjons as 

outlined in Section 3.6 for an inductive-load terminated 

line. However/ [e ], [R ] and [l ] will now have to be 

y y y 

replaced by matrices [e']~/ [R'] and [l ' ] respectively which 

y y 

are as defined above. The reactor at the receiviiig end has 
been treated as an equivalent load. 

The receiving end voltages for the 220 kV/ 250 km 
line with lOO^-i compensation have been calculated and the 
waveforms obtained are shown in Figure 3.19(a), The 
maximum overvoltage in this case is found to be 1.84 p.u. 

The receiving end voltage waveforms of 400 kV, 

2 30 km line with shunt reactor compensation at both ends of 
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the line are shown in Figure 3* 19(b)* The amount of com-^ 
pensation used in the above case was 7,5®^ and the correspon- 
ding shunt reactor inductance (L ) was 10.2 H. The maximum 
overvoltage for this condition is found to be 1.87 p.u. as 
opposed to 1.92 p.u. for the uncompensated line. Thus with 
shunt compensation/ the overvoltage magnitude is found to 
decrease , 

3.9 Effect of Pre-insertion Resistor: 

The magnitude of switching overvoltage is an impor- 
tant factor in determining the air gap clearances of trans- 
mission line and the insulation level required. Hence it 
is desirable to. reduce the magnitude of the switching over- 
voltage. The most effective means for achieving substantial 
reductions in switching overvoltages appearing on trans- 
mission line is by providing pre-insertion resistors across 
the main circuit breaker contacts [7/ 12, 23]. In this 
section, the switching overvoltages occurring only on 
unloaded lines have been considered because this particvil^r 
case has been found to give relatively high voltage stress 
on the system. The equivalent circuit of the system 

studied is shown in Figure 3.18. In this figure R repr^r 

s * * 

I 

sents the pre-insertion resistor. _ . 

The elements of matrix [r ], at the instant of 
switching will include both source resistance as well as 

1 , i. ’ 

pre-insertion resistance while at the end of insertion time 
the elements of [R„] include the source resistances alon^, 

9 ' . . ' ' I 

’ * ' . ' . 4 . / ^ ‘ 



The receiving end voltag^e of the 400 kv line have 
been calculated for several combinations of pre-insertion 
resistors and for various switching instants. It has been 
round tiiat a 3^0 ohm resistor inserted in each phase at the 
instant of closing of the circuit breakers/ reduces the 
overvoltage to 1.51 p*u. The receiving end voltage wave- 
forms of the above line with pre-^-insertion resistor of 3^0 
ohm inserted for 10 ms are shown in Figure 3, 20 (a). The 
maximum overvoltage is found to be 1.51 p.u. However, when 
a resistor of 320 ohm with an insertion time of 10 ms is 
used along with shunt compensation/ the maximum overvoltage 
reduces further to 1.50 p.u. 

The effect of closing resistors on the voltage 
magnitudes of 220 kV, 100 km unloaded line is shown in the 
Figure 3.20(b). It is seen that by inserting a resistor of 
200 ohm for 10 mS/ the overvoltage decreases to li.50 p,.u. 
Thus by using pre-insertion resistors a significant reduc- 
tion in the overvoltage was found. 
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CHAPTER 4 


PHASE TO PHASE SWITCHING OVERVOLTAGE 

4.1 Introduction 

Study of phase to phase switching overvoltage is 
necessary in order to find the minimum clearance between tho 
conductors. Also, the magnitude of phase to phase switching 
overvoltage is an important factor in determining the size 
of the tower window/ the number of insulators required and 
the cost of the transmission line supporting structures. The 
phase to phase clearance is necessarily greater than twice 
the phase to ground clearance [6j. 

A number of investigations on the IN A/ as well, as 
in real networks/ have shown that the phase to ground over- 
voltages of two phases in the same system nearly always have 
opposite polarity at the time at which the overvoltages reach 
their peak values [?]. This means / that the overvoltage 
stress between two phases is generally much higher than that 
to ground but lower than twice the maximum phase to ground 
overvoltage stresses. 

In this chapter/ phase to phase switching overvoltage 
have been studied by using digital computer program as well 
as on the Transient Network Analyser, The different system 
conditions that have been taken into account are, unloaded 
line/ resistive-load terminations/ inductive-load termina- 
tion and transformer terminations. The effect of source 
impedance and transformer winding connections on overvoltage 



magnitude have also been studied. Switching surge control 
using shunt compensation and preinsertion resistors and their 
effects on the voltage magnitude have also been investigated. 
The phase to phase overvoltages are expressed as the ratio 
of the maximum peak value of phase to phase overvoltage to 
the peak value of reference power frequency voltage. 

4.2 TNA Studies of Phase to Phase Overvoltage: 

TNA experiments have been performed on the 220 kv 
line whose details are given in Appendix— E. The phase to 
phase voltage is obtained as the vector difference of two 
phase to ground voltages. 

4.2*1 Overvoltage on Unloaded Line: 

The equivalent circuit of the system studied is 
shown in Figure 3.3. The receiving end phase to phase vol- 
tage waveforms for a line of 250 km length, taking the 
source impedance into account are shown in Figure 4.1. The 
data of source impedance has been given in Appendix-E. The 
maximum phase to phase overvoltage, when all the three 
phases are switched simultaneously with phase 'a’ at 60° 
position, is found to be 3,28 p.u. For the above switching 
position, the ratio of the phase to phase overvoltage to 
phase to neutral overvoltage is observed to be 1.65 p*u. 

The effect of short-circuit power of the source 
behind the line, on phase- to-phase overvoltage for the 250 
km line was observed and results are given below: 









Short circuit mva 


Infinite 


5000 


2000 


1000 


Phase to phase over- 
voltage in p.u. 3,68 3 . 38 - 3.25 3.13 

For the different values of short circuit MVA/ the 
voltage waveforms are shown in Figure 4.2. It is seen that 
with the increase in source short-circuit power, the phase 
to phase overvoltages increases. 


4,2.2 Effect of Shunt Reactor: 

The effect of shunt reactor on phase to phase over- 
voltage magnitude was observed on the TNA. The equivalent 
circuit of the system studied is shown in Figure 2,3. The 
following results were obtained for the 250 Rm line length. 


Percentage of compensation 

F^se to phase overvoltage 
in p.u. 


0 90 100 

3.50 3.27 3.23 


It is seen that, with the increase in the percentage of 
compensation, jAiase to phase overvoltage decreases. 


4.2.3 Transformer Terminated Lines: 

In order to study the phase to phase switching 
overvoltage for a transformer terminated line, three single 
phase miniature transformers were connected to form a three- 
phase transformer bank. The effects of transformer winding 
connections and excitation levels on the phase to phase 
overvoltage were studied. The excitation levels considered 
on the linear portion of the magnetization characteristic 
are 0.6596 and 1^14596 while those considered on the non-linear 


portion ot the magnetization curve are 2.6% and 1S%. The 
various levels of excitation current were obtained by varying 
the system operating voltage. 

The results obtained for a 220 kv, 250 km line are 
shown in Table 7. 


Table 7 

Phase to phase switching overvoltages of transformer 
terminated line 


Transformer connection 

Percentage 
of excitation 

Phase to phase 
overvoltage in p.u 

Star-Delta 

0.65 

2.07 


1.45 

2.38 


2.60 

2.46 


15.00 

2.50 

Delta-Star. 

0.65 

1.64 


1.45 

1,81 


' 2.60 

1.84 

# 

15.00 

1.88 


From the results given in the above table, it can be seen 
that the phase to phase -overvoltage, with the transformer 
primary connected in star and the secondary in delta was 
found to be higher as compared with the case when primary 
is connected in delta and secondary in star. It was also 
found that the rise in overvoltage decreases as the level 
of excitation is increased* 


4.3 Digital Calculation of Phase to Phase Overvoltages: 

For the 400 kv line, whose details are given in 
Appendix— E, the phase to phase overvoltages have been calcu- 
lated using digital computer. These calculations have been 
done by using the algorithm described in Section 3.2. As 
the phase to phase voltages 

individual phase to neutral components, they are obtained :.n 
computer program by finding the difference between the corr- 
esponding phase-to- neutral components V^, and 

4.3.1 Unloaded Line: 

The phase to phase switching overvoltage of the 400 
kV unloawied line have been calculated. Figure 3.3 shows the 
equivalent circuit of the system studied. The calculation 
is based on the same technique as illustrated in Section 3.4 
for the computation of the phase to neutral voltages of an 
unloaded line with source impedance considered. The recei- 
ving end phase to phase voltc*ge waveforms are ^own in Figys^e 
4.3, The maximum overvoltage is found to be 3,52 p.u. 

4.3.2 Simple Line Terminations; 

In this section, the phase to phase switching over- 
voltages of the 400 kV line terminated with resistive 
inductive loads are calculated by following the methods 
outlined in Sections 3,5 and 3,6 respectively. The receir 
ving end voltage waveforms, when the line is terminated with 
a resistive load of 400 MW is shown in Figure 4.4(a), while 






the waveforms for an inductive load of the same value having 
a power factor of 0.9 is shown in Figure 4.4(b). 

The maximum overvoltage for the resistive and the 
inductive load terminations are found to be 1.7.5 p.u. and 
2.20 p.u. respectively. These are less than those for 
unloaded lines. 

4.3,3 Transformer Terminated Line: 

The phase to phase overvoltages of the 400 KV line/ 
terminated at the receiving end with a 480 MVA unloaded 
transformer have been calculated. The resulting voltage 
waveforms are shown in Figure 4.5(a). In this case, the 
tnaximim overvoltage is found to be 3.31 p.u. 

The phase to phase overvoltages for the condition 
of short circuited secondary are also calculated. The 
receiving end voltage waveforms for the same line terminated 
with a 100 MVA transformer whose secondary is short circuiteo, 
are shown in Figure 4.5(b). The maximum overvoltage is 
found to be 2.20 p.u, 

4.3,4 Switching surge Control: 

With the advent of EHV system/ it becomes techni- 
cally and economically desirable to control and reduce 
switching surge severities. This is achieved by the inclu- 
sion of shunt reactors, and through the use of circuit 
breakers with pre-insertion resistors. The effect of shunt 
reactor compensation and pre-insertion resistors on the 
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(o)Ur»<ooclfd |ronfform«r (b) Fault ot ttcondary 

Fia 4.i RECEIVING END PHASE TO PHASE VOLTAGES OE 400 li I 
TRANSFORMER TERMINATED LINE. ANGLE OF SWITCHI 
60*, -60* 8. 180« 



overvoltage magnitude have been studied only for the 400 kV 
line , 


(a) Shunt reactor compensation: The phase to phase swit- 

ching overvoltage calculations with the shunt reactors 
included have been done by following a similar procedure as 
outlined in Section 3.8, 

The receiving end voltage waveforms for 13 % compen- 
sation are shown in Figure 4.6(b). The maximum overvoltage 
is found to be 3.25 p.u. Thus^ the presence of shunt reactor 
reducea the overvoltage from 3.52 p.u. to 3.25 p.u„ 

(b) Pre-insertion resistor: The phase to phase voltages 

of the 400 JCV unloaded line have been calculated by inserting 

of 

a resistance of 360 ohm for a period^lO ms. The results 
of calculation are shown in Figure 4, 6(a). From this, the 
maximum overvoltage is found to be 2.54 p.u. 

The phase to phase overvoltages of the above line 
with both shunt reactor compensation as well as with pre- 
insertion resistor have also been calculated. The maximu 
overvoltage, with 13 % compensation and with 360 ohm pre- 
insertion resistor for an inserting period of 10 ms, is 
found to be 2.29 p.u, 

prom the above results it* is clear that, overvoltage 
on transmission lines which can be as high as three to four 
times the normal operating voltage can be reduced consider- 
ably by providing pre-insertion resistors tor a short dura 


tion. 







CHAPTER 5 


CONCLUSION 

This work is mainly devoted to the study of phase to 
neutral and phase to phase switching overvoltages arising due 
to energisation of 220 kv and 400 kv transmission lines. A 
computer program for calculating the switching overvoltages 
tor different system conditions has been developed. The 
results of digital calculation for the 220 kV line were comp- 
ared with the experimental results obtained from the Tran- 
sient Network Analyser and the two were found to be in close 
agreement. The results obtained from this study will pro*' 
vide useful guidelines in determining the required insuJ.a- 
tion level. 

Prom the TO A studies conducted on the 220 kV line, 
it was observed that the presence of source impedance decre-' 
ases the overvoltage magnitude and also smoothens the voltage 
wave shape. It was also observed that the switching surge 
magnitude increases with the increase of short-circuit power 
and line length. For the same amount of load, the over- 
voltage magnitude on the line with resistive load was found 
to be lower than that for a line with inductive load, in 
the case of transformer terminated lines, for the two line 
lengths considered for various excitation levels of the 
transformer, the overvoltage in all the phases, with the 
primary of the transformer connected in delta and the secon 
dary in star was found to be lower as compared with the case 



when the primary is connected in star and secondary in 
delta. Further^ with the increase in the size o£ transformer, 
the phase to neutral overvoltage was observed to decrease, 
bhunt reactors have been fovind to be quite effective in low- 
ering the switching overvoltage magnitudes. 

Prom the digital calculations performed for the 
400 kv lines, it was found that the maximum switching over- 
voltage occurred on closing the lines at no-load. Further, 
it was also observed that energisation of an unloaded line 
with non- simultaneous closure of circuit breakers produced 
larger magnitude of overvoltage tlian for simultaneous closure 
o£ the breakers. However, for the resistive and inductive 
load terminated lines, there was no significant difference 
in the overvoltage magnitudes for the case of simultaneous 
and non-simultaneous closure of breakers. A substantial 
reduction in the overvoltage magnitude was obtained by 
introducing pre-insertion resistors rather than using shunt 
compensation, when pre-insertion resistors are considered, 
a greater reduction of switching surge was obtained for a 
compensated line as compared to an uncompensated line. For 
the same overvoltage magnitude, the resistor value was 
found to be lower for the compensated lines. 

The phase to phase switching overvoltage was found 
to be higher on energizing an unloaded line as compared 
with that for resistive .and inductive load terminated lines. 
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APPENDIX A 


DIMENSIONS OP DIFFERENT LINE CONFIGURATION 

Dimensions and other details of the U.P. 400 kV 
line and the 7 35 kV lines are given below, 

(i) U.P. 400 kV Single -Circuit Line; 

Radius of the sub-conductor = 0.0159 m 
Bundle spacing = 0.4572 m 
Number of svib-conductors = 2 
Phase spacing = 11 ra 

Minitmam line to ground clearance = 9 m 

Sag = 12 m 

Average line height = 13 m 
Line configuration : Horizontal 

(ii) 7 35 kV Single-Circuit Line; 

Radius of the sub-conductor = 0.0176 m 


Bundle spacing = 0.4572 m 
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Number of sub-conductors = 4 

Phase spacing = 15.24 m 
Average line height = 13.8 m 
Line configuration : Horizontal 



APPENDIX B 


determination op line parameters 


Bundle conductors are used in EHV lines to reduce 
the conluctor surface gradient. The bundle is represented 
by an equivalent conductor of radius R given by 

R = R‘ X (n X (B.l) 

eq 


where ^ 

r - ravUus of sub-conductor 
R* - rav.iius of bundle 

n - number of sub-conductors in the bundle. 


The diagonal elements of tlie inductance matrix are 

given by 

L^i * 0.2 Log^(2H/Rgg) (B- 


and the off-diagonal elements are 

= 0«2 Logg(D|j/Dj_j) 

i 7^ j 


(B.3> 


where 

if - Inductance in roH/km 

H - average height of the conductor above the 
ground in metres 

R - equivalent radius of the conductor in metres 

eq ^ 

D* - aerial distance between conductor i and the 
i 

image of the jth conductor 
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between the conductors i and j. 


The capacitance matrix C is obtained from the 
inductance matrix^ by assuming the velocity of wave is equal 
to the light velocity; i.e,. 


2 

V = 


EC 


(B,4) 


where/ v is the velocity of light 


or 


[c] 




(B.5) 


V 


The positive sequence inductance and the 3 X)sitive sequ- 
ence carBCitance are given by 


and 


L, = - L 

1 s . m 


=1 = 


(B.6) 


where/ 

C - self capacitance between the line and groxand 
s 

C — mutual capacitance between the lines 

m 

l/ - self inductance 
s 

if - mutual inductance- 

in 



APPENDIX C 


DESIGN OP COILS FOR REPRESENTING TRANSMISSION LINE MODEL 

Design of the coil for representing the transmission 
line has been done on the basis of Brook's coil representa- 
tion [Ij which is shown in Figure C.l. 





Figure C.l. Brook's coil 


The coil has a square cross-section of side C with 
a winvling of inner diameter 2C' / outer diameter 4C' and mean 
diameter 3C' . Dimensions of the coils are dependent on the 
ratio of its inductance to resistance. The inductance of 
the coil whose major dimension C is in cm; is given by 


0.0255 C*N^ microhenry 


(C.l) 


Here/ N, is the number of turns in the coil and can be 


written as 


-2 


N. 


< 5 -> 


where/ d is the diameter of the wire in cm. 
The resistance of the coil is 


(C.2) 


R » 1.7 X 10 X A X 3C' X N^/(— ) 

• 20.4 X lO”^ X N^C'/d^ ohm 


(C.3) 
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Prom equations (C.i) and (c.2) 

C.5 

L *= 0.0255 X — T microhenry 

—8 c * ^ 

* 2.55 X 10 X =-7 Henry (C.4) 

d* 

The time constant of the coil 

C' ^ 

* L/R *= seconds 

C» = [800 X L/R]^^^ cm (C.5) 

where C* , the major dimension of the coil is fixed for a coil 
representing certain section at a given transmission voltage 
level/ however the number of turns will differ depending on 
the total inductance in the coil# 

Length of wire, 1 « STiCN^^/lOO meter (C.6) 

weight of coil = =» (^) x lO"*^ x 89 30 Kg 

= 1495.7 X kg (C.7.) 

Weight of the coil remains same as long as the ratio of its 
inductance to that of resistance remains constant, irres- 
pective of the line length that it represents. 
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APPENDIX D 


STEP RESPONSE OF AN OPEN ENDED LINE 
BY TRAVELLING-WAVE METHOD 


Figure D,1 shows a single phase distributed para- 
meter line whose receiving end is kept open 



Pigiure D.l Transmission line with distributed parameter. 


The differential equation for current and voltages are 


dv 

33c 


zl 


(D.l) 


dl 


3x 


s ^yv 


(D.2) 


Here/ z « R + LS and y = Cs 

where R, L and C are resistance/ inductance and capacitance 
of the line per unit length respectively, s is the Laplace 
Transform operator and 1 is the line length. 

Prom ecjuations (D.l) and (D.2) we get/ 




where/ p « ^ is the propagation factor. 


(D.3) 
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The voltage and current at any point along the length of 
the line is given by. 


V m A^e**'P^4. (D.4) 

" - (D.5) 

At the sending end, x = 0 and v = e while at the receiving 
end, X ■ 1 and 1*0, 

By introducing these initial conditions in equations 
(t».5) and (D,6) we get. 




^ndl B . 


+ e 


EeP^ 


Now, the voltage and current at any point of the line is given 
by. 


V 


2B cosh'p4-l -- X') " 

„pl -pi 
e + e 


(D.6) 


The voltage at the.-far end of the line i.e, at x 

2E(3) 


V(s, 1) = 


+ e-P^ 


1 is 

(D.7) 


Now. 


(R + 8L)Cs 


■!* LC(s + s) 


J.’ • • 2 ' ^' -2 

V • 


(D,8) 


By neglecting the-teiro (R/2li) in equation*, (D.lO) we get. 


P 


1 / . \ s . R 

- (s -f - V 2Z 
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where 

1 

'HZ 

is the velocity of propagation 

and 

2 * 'JlTc 

is the characteristic impedance of the line. 

Now, 

^pl 

'Q wt 

(2i + £i.\ Is 

e' ^ 2Z> ^ ^-1 ^7“ 

0 



R1 

where 

A^ *» e 

“■ 2% 


The voltage at the open end of the line is 


' ^pi 


e* ^ e 

= aE(s) [e"^ - e"^^ + 

- e ^ + ... ] 

In time domain, the open end voltage can be written as 
V(l,t) • 2[A^E(t - T^) - A^(t - 3 T 2 ) + A^E(t - ST,) 


(D.9) 


where - 1/v, is the wave travel time. 

The line parameters of the transmission line model 
developed in the laboratory are: 


R^C “ 0*864 ohm/km 

C = 7.88 nF/km 

s 

Q s= - 1.6 3 nF/km 

m 

^1 ** 9,51 nF/km and *1.20 raH/km 

line length/ 1 * 60 km 

NOW/ Travel time * 1/v = 0;'202 ms 
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Surge impedance « = 355 ohm 

and Aq = 0.928 

For an unit step input, the open end voltages at different 
times are: 

At t«=0, Vs=0 

t - , V = 1.85 

t « 2Tj , V = 1.85 

t « 3 T 2 , V = 0.26 

Using the above calculations, the step response of a dis- 
tributed parameter line has been drawn in Figure 2.1(f). 



APPENDIX E 


SYSTEM DAT7i, FOR OVERVOLTAGE STUDY 


1) 220 kV System; 

Transmission-line data 

Ze ro- se que nee 

Po si ti ve -se quence 

Resistance, ohm/km 

0.34 

0.0706 

Inductance, mHAm 

4.0 

1.2533 

Capacitance, riP/im 

6.0 

8.850 

Surge impedance, ohm 

815 

376 


Line length = 250 km and 100 km 

Generator mva = 1000 

Source impedance = (0,0 + j 14*72) ohm 

2) 400 kV System (Obra-Sultanpur Line) : 

Tranamission-line data zero- sequence Positive-sequence 


Resistance, ohm/km 

0.29 

0.0325 

Inductance, mH/km 

3.077. 

1.053 

Capacitance, nF/km 

7.0 

11.5 

Surge impedance, otm 

66 3 

302 


Line length = 230 km 

Generator MVA = 1000 

Source impedance <5= (0.0 + j 52.0) ohm. 



85 


APPENDIX P 


GENERAL SOLUTION OF THREE PHASE 
TRANSMISSION LINE EQUATIONS 


The equivalent circuit of a 3-phase transmission 
lino is shown in Figure 3.1. Two sets of equations are 
derived from the equivalent circuit. The first is found by 
applying Kirchoff's voltage law to the loop formed by each 
conductor and ground, while the second is written using 
Kirchotf's current law at the junction of each conductor 
-with capacitive branch to ground. These equations after 
suitable manipulations may be written as: 


3E^(x,t) 


|t[(\ + |t^ ^1 |t^^ la(-x.t) 

+ [(Rq + It^ ' ^^1 ft^^ 

* ^o It^ ' ^^1 I^,(x,t) } 


(F.l) 


aEb(x,t) 

5c — 


^o 9t^ ^ 

■*“ ^o It^ ^1 |t^ ^ I^jCx^t) 

+ [(R^ ft^ " ^^1 ^1 It^^ i^^X^t) } 


(F.2) 


aE^(x,t) 


I ^ ^o It^ - ^ h lt> ^ 



■" [ * ^o |t> + 2 (Rj^ + X) ] I^(x,t) } 


(F.3) 


3E_(x.t) 

g 

"* at 


Irl 2 3^_(x,t) 

i [(^ + ^ + (^ . 


3^'c • c ' ax 

o o 


- ai, (x/b) 

i>) 

ax 


+ ( 


1 ) 


c c , ' ax 

o 1 


(F.4) 


aEj^(x.t) 


1[(1. 

S'- 


, ai (x,t) , , ai. (x,t) 

L.) --a + (i> + i«) 

c, ax c, ax 

1 o 1 


1 1 a^_(x,t) 

+ (i— - i-) ._£ 1 

X C/ dx -* 

o 1 


(P.5) 


aE^(x,t) 

§t 


ai (x,t) 

3^'c c/ ax ^ 

o 1 . .. o 


-C(f 


, ai. (x,t) 


^ ax 


1 o 0l^(x,t) 

+ (1, + 2_, ____c 1 

'■c ax ■' 


(F.6) 


The partial differentials appearing in equations (F.l) to 
(F.$) are converted to ordinairy differentials by taking the 
Laplace transform with respect to time. The results can be 
expressed in a compact form as; , 


dE^ (x,s) 

, , a 

dx 



^o“^ 

z -z 
o 1 


I (X/S) 

a 

dEj^(x^s) 

dx 

: 1 

3 


■ z^-f2z^ 

Z “**Z^ 

o 1 


' / 

( X / s ) 

dE^{X/S) 

c 

' 3x 

- 

3-«i- 

V^l 

2 +2z. 

O 1 -J 


I^(x,s) 


(F.7-) . 





__ 



E (x,s) 


+ i- 1, 1 1 


dl (x,s) 
a 

d , 


^1 Yq ^1 ^o’^l 

1 


dx 

E, (x,s) 

= 1 

1 

1 i. i_+i- i_ 1 


s i 

H 

•tJ i 

D 

*3 

Jo 


dx 

E (X,3) 


! i_ 3^ 1 1 1+1 


dl (x,s) 
c 

c 

i 

Jfo 5'i Vo'yj, Vo yi__ 


dx 


where/ z^z and are defined as 


(F.8) 


z 

z 


0 

1 



R 


R. 


+ sL 

o 

+ SL ^ 



(F,9) 


Equations (F,7) and (P.8) can be written as follows: 

- § 3 ^ [E(X/.S)] =■■ |c,g^]'-[l]'. ..-.(F.IO) 


and ' - E(x/ 3) ■ = I [Zg] ^ [i] . (F.il) 

Solution of equation. (F.iO) and (.P.ll) gives,' 

,2 

-^[e(x,s)] = [Z ] [Zg] [E(x,s)] = 0 (Fil2) ; 

dx 

/ / . i , r . I 

where 



z y + 2z y 

0^0 o o 

z y - z.y. 

o o 11 



o o 11 

z y + 2z.y, 
o‘‘o 11 

^0^0 - ^1^1 


z y - ZiY, 
o o 11 

2 y - z,y, 
o o 11 

Vo “ ^^1^1 


(P.13) 


r>e£ining [p ] «= [ 3 [2 q 

Equation (P.12) now becomes j 

.2 

[E(x,S)] - [p][E(x,S)] = 0 (F.14^ 

<lx 


Equation (P.14) may be expanded into its components 

r 

and written as? 


d (x,s) 
a 

=^-5 

ax 




a E^(x/8) 

*2 


dx 


P2jE^(x,3) - P22Ej,(x,s) - P23E^(x,s) = O 


d E ,(X/S) 


dx 


PjjE^Cx.s) - P32 Ej,(x,s) - P33E^(x,s) = 0 


(F.15) 


The difficulty in solving equation (F.15) due to mathema- 
tical coupling between the voltages can be avoided if the 
o££-.iiagonal elements of the P-matrix can be made zero. 
Then each equation would contain only one voltage and thus 
would be solvable. This can be done by transforming the 
transmission line voltage E(xys) to a new set of variables 
P(x.s). Equation (F.14) will then be of the form; 


-i! [p(x,8)3 -•■[o][f(x.s)3'‘' = 

m im 

dx 

E(x,a) and,P(x,3) are related bx,a 

[Tjas; 

|:{x,s)] - ,[T] [F(x,s)].. 


0 


transformation 


(F.16) 

matrix 


(F.17,) 



or, [F(x,s)] = [T]”*^ [E(x,s)] 

Substitution of equation (F.IT) in equation (F,14) gives, 

,2 . 

■Ac [F(x,s)] - [T]r^ [P][T][F(X,S) ] = 0 (F.18) 

dx"^ 

Comparing equation (F.18) and (F.16) we get, 

[a] = [T]-^ [P][T] (F.IS) 


Now, with a proper transformation matrix, [p] will be diagonal. 

The transfonnation matrix [t] can be found as follows; 

1, The eigen values or the characteristic roots of the 
matrix [p] is found. 

2. The eigen vector corresponding to each eigen value is 
then computed. The column vectors of [t ] are propor- 
tional to the eigen vectors of the matrix [P ]. 

The matrix [t] and its inverse found by following 


the steps outlined above, is given as 



(F.20) 


(F.21) 


SubsUtuting equations 


(F.20) and (F.21) in equation (F.19), 




P(x,s) = [K^e”"'^] + 



(P.24) 


(F.25) 



Substitution of equations (F.24) and (F.25) in equation 
(P*17) gives the solution for line voltages, 

E(x, 3) - [Tj[K^e-'"^] + 

Prom equation (P.lO), we get 


Kx.s) - - 3[2j^r^ ^ [E(x,s)3 

- - 3 [2^ r' [T ] ^ [K^e"'-^] } 

*= - 3[T][T]’^[Z^]“^[T]|3j{[K^e“'^^] + 


(F.27) 


where , 


[Tr^[2j-^[T] 


1 

3Z 


0 

1 

3Z. 


0 


0 

i .. 


JL 

32, 


(F.2S) 


Using equations (P.25)/ (F.27) and (F.28)/ the general expre- 
ssion for current can be written aS/ 


I(x,s) = [T][ 2 rl[k^e-"-’'] - [T][ 2 rl[K 2 e'"^] 

where [z ] is a diagonal matrix of the form. 


(P.29: 


[Z] 


■ ° 


0 ■ 


0 

6 




(F.30) 


Ihe elements of the: matrix [z] are the character- 
istic impedance of the line. ' The exact form of the 



characteristic impedance is complex^ but if the line is loss- 
less, the following expressions are obtained. 




The first term which decreases along the line is called the 
attenuation factor while, the second term which represents 
the delay is called delay factor. 

The particular solution for the transmission line 
voltage and current is obtained by introducing boundary 
conditions of the line in equations (F.26) and (F.27,). 

These boundary conditions are^; at the sending end i.e. 


at X « 0 



93 


[E] = [U^] and [I] = [i^] 

while at the receiving end^ i.e, at x = 

[e] = [v] and [l] = [Ij_] 

ThuS/ the voltages and currents at the sending and receiving 
ends are. 


[E^] = [r][K^] + [T][K2] 

- PJEzr^EK^] 

EV] = [TlEK^e-"^] + ETlEv"^] 

Ell] ” [T][zr^[Kj^e"^] - ETlEzJ'^EKje"^] 

Let, 

-m 1 
o 

-m^l 
-m^l 

and 





(F.33) 


(F.34) 


(F.35) 


(F.36) 


from which we can write. 
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Finally / the voltage and current at the sending and receiving 
ends of the line can be written in a simplified form as; 


[Eq3 » [T][K^] + [t][K2] 

= [T][zr^[Kl] - [T][Z]-1[K2] 

and 

[V] - [T][A] 4 [T]CB] 

i\] « [TjtZl'^EA] - [T][zr^[B] 


(P.38) 


(F.39) 


Prom equations (F.32)/ (F.35) and (F.37)/ the foll- 


owing expressions can be written, .. 

R 
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and 
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(F.41) 


Taking the inverse Laplace transform# 


" U (t - T^) 
la o la o o 


aa^(t) = 0 ^ " '^1^ U (t - T^) 


(P.42) 


and, 


■= “1 “ <* - ^ 1 > 


k, (t) - a b- (t - T ) U <t - T„) 

2a o 2a o o 


= «! t> 2 b<‘ - Tc> ” 


(P.*3) 


k^^Ct) a, b2^(t - T^) U (t - Tj) 


1 “2c 


where 


^/■L^ 1 # 

o o 


T, = 


rvL-^ 




^■■fi 


2 


and * e 


“1 


This preseno® of delay factor in the above equations (F.42) 
and (P.43) will be of importance in the solution of trans- 
mission line problem. 



APPENDIX G 


DERIVATION OF MATRICES k^(t) AND b^Ct) 

FOR DIFFERENT SYSTEM CONDITIONS 

The evaluation of matrix [k^(t)] depend upon the 
system condition existing at the sending end and [b 2 (t)] 
depends upon the system conditions existing at the receiving 
end of the line. The expression for these matrices under 
different system conditions are derived as outlined. 

Case (1) Unloaded Line without Source Impedance taken 
into Account: 

This situation is represented in Figure 3.2. Here, 
the receiving end line voltages are equal to the source 
voltages and the receiving end currents are zero, i.e, 

[E^(t)] = [Eg(t)] 

Where [e (t)] is the source voltage matrix and is given by 

Q 


lfe^(t)] » 



E sin(wt + 0 ) 

\ gm 

E sin(wt - 120° + 0 ) 

gm 


_v"’_ 

i 

E sin(wt + 120° + 0 ) 

gm ^ 


where E^j, and E^^ are the source voltages of phase 

a, b and c respectively and 0 is the ar-gle of switching of 

pdiaee ‘a* at t = 0. 

The expression for the matrices 
from equations (3.8) and (3.9) will be of the form 

I 

[lc^(t)] - [Tr"- [Eg<t)] - 


Cg.2) 



anJ [b2<t)] = [ai<t)] 

Case (2) Unloaded Line with Source Impedance: 


(G,3) 


These system conditions are represented in Figure 3,3. 

At the receiving end, the system boundary conditions are 

identical as in the case (1), However, at the sending end, 

the line is connected to the source through a series imped;' '' 

which consist of inductance L and a resistance R . 

g <3 

Referring to Figure 3.3 the source voltage matrix 
can be written as 


[Eg(t)] = [Lg] [I^(t)] + [Rg][l^(t)] + [E^(t)] (G,4) 


wlie re, source inductance matrix 




gi 

0 L 


gb 

0 


0 

0 

'gc 


Here, and 


represent source inductances 
of phase a, b and c respectively. 

Source resistance matrix is given by 


[R 3 

'■ 9 ** 


R 


ga 

0 

0 


R 


■gb 


0 


0 

0 

I 

gc 


R 


where R , R and R are source resistances of phases a, 
«**<»*w * ga ' gb gc 

b and c respect! vely- 

Substituting equations (3.1) and (3.2) in equation 


(0,4) we s^t. 



[EgCt)] » [L^][T][Z]-1 ^ [k^(t)]5 

+ [Rg][T][zr^{[kj(t)] - [)C2(t)]} 

+ [T] [kj,(t)] + [T] [k^(t)] . CG.5) 

By suitably manipulating equation (G,5), we get, 

+ [y] [M][kj(t)] + [Y][x][k2(t)] (G.6) 

Where [y ] = [[t]'^ 

[Wj = [[T]‘[R^][T][zrl + [U]] (G.7,) 

[X ] . [[T]-l [R^][T][zll - [U]J 

and [ ^ ] *“ diagonal xonit matrix. 

The expression for [b^(t)] will be of the same form as given 
in equation (G.2). The differential equations in (G.6) are 
solved numerically by Euler' s predictor-corrector formula 

[22 3 * 

Case (3) Resistive Load with Source Impedance: 

The system condition in this case is shown in 
•Figure 3*9. At the sending end, system boundary conditions 
are identical as in case (2), At the receiving end, the 
transmission line is terminated with a resistive load. The 
receiving end voltages and current are related by 

[y] = [R][ii] 


(a.8) 



Here load resistance matrix 


ys 


[R] = 


0 0 

0 Rj, 0 

0 0 R 

c 


(G.9) 


where/ R^, R^^ and R^ are the resistive load at phase a/ b 


and c respectively. 


Now/by substituting the expression ror [v(t)] and 
[ij^(t)] from equations (3.3) and (3.4) in equation (G.8), 
we get 


[Tj[aj(t)] + [T][b 2 (t)] = [R][T][zr^ [aj(t)] 

- [R][T][zr^ [b2<t)] 

By suitably manipulating the above equation we get, 

[b2(t)] = [r][t][z]'^ + [u]]"^ X 

[[T]-l [R][T][zr^ - [U]] [a2(t)] (G.IO) 

The expression for [k^(t)] will be of the form as given in 
equation (G.6). 

Case (4) Inductive Load with Source Impedance: 

The equivalent circuit of inductive load termina- 
tion with source impedance taken into consideration is 
shown in Figure 3.10. The sending end system conditions 
are same as in case (2). The receiving end voltages and 
currents are related as follows; 

[Vo(t) ] = [l] ^ [ij^(t)] + [r] [lj^(t)J 


(G.ll) 



Here load inductance matrix is defined as 


0 0 

0 

where Lj^ and are inductance of loads on phases b 
and c respectively. The expression for matrix [r] is same 
as given in equation (G.9). Substituting the expression of 
and V(t) from equations (3.3) and (3.4) in equation 
( 3.11 ) / we get, 

[T][a^(t)] +;T][b 2 (t)] = [l] [T][zrM|j [aj(t)] 

On rearranging the terms we get, 

3t = it * [j][M][aj^(t)] - [j][N][b 2 (t)] 

, (G.I2: 

where [J] = [ [T]'^ [L] 

[M] = [[T]'^ [R][T][zr^ - [U]] 

[N] ■= [[T]'^ [R][T][zr^ + [U]] 

The differential equations in (G.12) are then solved by 
using Euler's predictor-corrector formxila [ 2 ^], 




